Linalool is the principal component of many essential oils known to possess biological activities. We previously reported that intraplantar injection of linalool reduces the nociceptive response as assayed by the capsaicin test. In this study, we sought to determine whether intraplantar injection of linalool could influence the induction of acute pain (allodynia and hyperalgesia) by paclitaxel in mice. Paclitaxel is widely used in cancer chemotherapy for the treatment of solid tumors, but it sometimes induces moderate to severe acute pain. Paclitaxel administered intraperitoneally as a single dose of 5, 10 or 20 mg/kg produced mechanical allodynia and hyperalgesia in mice. Paclitaxel-induced mechanical allodynia and hyperalgesia began 1 day after administration of paclitaxel and resolved within 7 days. Linalool injected into the hindpaw caused a significant reduction in paclitaxel-induced mechanical allodynia and hyperalgesia. Pretreatment with naloxone hydrochloride, an opioid receptor antagonist, or naloxone methiodide, a peripherally acting μ-opioid receptor-preferring antagonist, significantly reversed linalool-induced antiallodynia and antihyperalgesia. Our results provide evidence for the involvement of peripheral opioids in antiallodynia and antihyperalgesia induced by linalool. These results suggest that activation of peripheral opioid receptors may play an important role in reducing paclitaxel-induced mechanical allodynia and hyperalgesia.
The major classes of antineoplastic agents-the vinca alkaloids, taxanes, bortezomib and platinum-derived compounds-are associated with the development of dose-limiting neuropathic pain (12, 32) . Paclitaxel is a taxane chemotherapeutic commonly used for the treatment of solid tumors and ovarian and breast cancers. Paclitaxel acts as an antimitotic by stabilizing microtubules against disassembly, thus inhibiting the cell cycle in late mitosis and ultimately inducing apoptosis (30) . Peripheral neuropathy sometimes occurs as a side-effect of chemotherapeutic treatment with paclitaxel and often manifests as bilateral pain in the extremities in a stocking and glove-type distribution (5) . This pain can greatly reduce patients' quality of life and affect activities of daily living. Furthermore, paclitaxel therapy often results in acute pain (16, 21) . Acute pain begins 1-3 days after the commencement of treatment with paclitaxel, resolves within 7 days and affects mostly the large axial muscular and joint regions (15) . Paclitaxel-induced acute pain following paclitaxel infusion has commonly been treated with nonsteroidal antiinflammatory drugs, acetaminophen and opioid pain medications (15) . In addition, ShakuyakuKanzo-To (a Japanese herb) (11) , corticosteroids (17) , antihistamines (18) , opioids (29) and amifostine (10) have been investigated for the prevention gesia. Paclitaxel, naloxone hydrochloride and naloxone methiodide were each dissolved in physiological saline (0.9% wt/vol) for injection.
Experimental protocol. Paclitaxel (1, 5, 10 or 20 mg/ kg) or vehicle (saline) was singly injected intraperitoneally (i.p.) into the mice. The doses of paclitaxel were decided based on a previous report utilizing ddY-strain mice (11) . Mechanical allodynia and hyperalgesia of the hindpaw were assessed using two von Frey filaments of different bending forces (0.07 and 1.4 g). Briefly, mice were placed individually in a plastic cage with a wire mesh bottom. After mice had adapted to the testing environment for 60 min, the von Frey filaments were pressed perpendicularly against the mid-plantar surface of the hind paw from below the mesh floor and held for 3-5 s with the filament slightly buckled. Lifting of the paw was recorded as a positive response. Stimulation of the same intensity, which was started with a 0.07 g von Frey filament, was applied to the point of bending ten times to the plantar surface of the left or right hind paw per mouse at intervals of 5 s. The behavioral test was performed between the hours of 10 : 00 and 16 : 00. The test was performed for 2 days before the start of experiments to accustom the mice to the testing procedures. The effects of linalool on mechanical allodynia and hyperalgesia were measured 1 day after the paclitaxel injection. Linalool was injected s.c. into the plantar surface of the right hindpaw. The opioid receptor antagonist naloxone and its quaternary form naloxone methiodide were pre-injected i.p. 30 min before, or into the hindpaw 15 min before, intraplantar injection of linalool. In order to assess any possible effect of linalool diffusion into the periphery, linalool was injected s.c. into the plantar surface of the contralateral (left hindpaw) or ipsilateral paws. In all experiments the observer was unaware of the drug injected and its concentration. Intraplantar and i.p. injections were given in a volume of 20 μL/site and 0.1 mL/10 g of body weight, respectively. Data analysis. Data are presented as means ± S.E.M. Statistical differences between groups were assessed with a two-way ANOVA followed by Bonferroni's test. The level of statistical significance was set at 5% (P < 0.05) in all experiments.
and treatment of paclitaxel-induced acute pain although studies regarding their efficacy were not conclusive. Linalool is the naturally occurring enantiomer of the monoterpene compound found in a volatile component of the essential oil extracted from aromatic plants, sage, lavender, rosewood, thyme and bergamot. As previously reported (2, 3, (22) (23) (24) , (−) linalool administration produces antiinflammatory and antinociceptive activities in several behavioral assays. We recently reported that subcutaneous (s.c.) injection of capsaicin into the hindpaw produced a short-lasting paw-licking/biting response, which was dose-dependently inhibited by intraplantarly administered linalool (28) . However, the antinociceptive efficacy of intraplantar linalool on paclitaxel-induced mechanical allodynia and hyperalgesia is unknown. The principal aim of this work was to test whether intraplantar injection of linalool would produce antinociception in the context of paclitaxel-induced acute pain (allodynia and hyperalgesia) in mice.
MATERIALS AND METHODS

Animals.
Male ddY-strain mice (Japan SLC, Hamamatsu, Japan) weighing an average of 23-25 g, at the time of testing, were used in these experiments. The mice were individually housed in a colony maintained in a controlled environment (12 h light/ dark cycle, room temperature 23°C, 50-60% relative humidity). The animals had unlimited access to food pellets and water. All behavioral experiments took place during the light period between the hours of 10 : 00 and 16 : 00 in a quiet room. The animals belonging to the various treatment groups (n = 10 each group) were tested in randomized order. All experiments followed the Guidelines on Ethical Standards for Investigation of Experimental Pain in Animals (35) . Additionally, the study was approved by the Committees of Animal Care and Use of Tohoku Pharmaceutical University.
Materials.
The following drugs and chemicals were used: (±) linalool (Nacalai Tesque, Kyoto, Japan), the anticancer drug paclitaxel (Bristol-Myers Squibb Company, Tokyo, Japan), naloxone hydrochloride and naloxone methiodide (Sigma Chemical Co., St. Louis, MO). Linalool was diluted in jojoba wax (Simmondsia chinensis) (K.S.A. International, Co. Ltd., Kanagawa, Japan) to give a total amount of 2.5-10 μg/paw (28) . Jojoba wax alone did not affect paclitaxel-induced mechanical allodynia or hyperal-hyperalgesia. At a dose of 20 mg/kg of paclitaxel, mechanical allodynia and hyperalgesia peaked 1 day after administration, and decreased gradually, almost subsiding by 7 days; mechanical allodynia and hyperalgesia were significant after 1, 2 and 3 days compared to the control group. The effect of paclitaxel on the overall health of the mice appeared to be minimal. No mouse presented with weight loss or died within 7 days of administration.
Effects of locally administered linalool on paclitaxel-induced mechanical allodynia and hyperalgesia
After injection of paclitaxel 20 mg/kg, the mean
RESULTS
Paclitaxel-induced mechanical allodynia and hyperalgesia
Mechanical allodynia and hyperalgesia were not observed after paclitaxel was administered intraperitoneally at a dose of 1 mg/kg. When the dose was increased to 5-20 mg/kg, mechanical allodynia and hyperalgesia became marked (Fig. 1A and 1B) . Thus, we subsequently used 20 mg/kg as the working dose of paclitaxel for inducing mechanical allodynia and . Antiallodynic (A) or antihyperalgesic (B) effects were calculated as the mean ± S.E.M. of 10 mice in each group. Significant differences between the groups were assessed with two-way ANOVA followed by Bonferroni's test. *P < 0.05, ***P < 0.001 compared with the jojoba wax control. Significant differences between the groups were assessed with two-way ANOVA followed by Bonferroni's test. **P < 0.01, ***P < 0.001 compared with the control group.
was injected into the contralateral hindpaw. The mechanical threshold following injection of linalool in the contralateral hindpaw was not statistically different from that in the jojoba wax control group ( Fig. 2A and 2B) .
Effects of naloxone hydrochloride on peripheral antiallodynia and antihyperalgesia induced by linalool
To determine if the antiallodynic and antihyperalgesic effects of linalool with respect to paclitaxel-induced pain were mediated by peripheral opioid systems, 1 day after paclitaxel injection animals were pretreated i.p. with naloxone hydrochloride, 30 min before injection of linalool (10 μg/paw). The opioid right hindpaw mechanical threshold to pain decreased dramatically, reaching a minimum on day 1 (Fig. 1A and 1B) , when tests to assess the effects of linalool were performed. Local intraplantar injection of linalool (5 and 10 μg/paw) 1 day after paclitaxel injection significantly reversed paclitaxel-induced mechanical allodynia and hyperalgesia compared with the jojoba wax control group at 15 and 30 min after injection, whereas linalool (2.5 μg/paw) did not show any significant inhibitory effects on paclitaxelinduced pain ( Fig. 2A and 2B ). Jojoba wax control injections local to the paclitaxel injection site did not affect pain thresholds. To ensure that the effects of intraplantar injections of linalool were local and not due to systemic diffusion, linalool (10 μg/paw) Fig. 3 Effects of i.p. injection of naloxone hydrochloride (Nal) on antiallodynia (A) or antihyperalgesia (B) induced by linalool (Lina). Nal was pre-injected i.p. 30 min before intraplantar injection of linalool. Values represent the mean ± S.E.M. for 10 mice per group. Significant differences between the groups were assessed with two-way ANOVA followed by Bonferroni's test. *P < 0.05, ***P < 0.001 compared with the saline (i.p.) + jojoba wax control. . Nal was pre-injected into the hindpaw 15 min before intraplantar injection of linalool. Values represent the mean ± S.E.M. for 10 mice per group. Significant differences between the groups were assessed with two-way ANOVA followed by Bonferroni's test. *P < 0.05, ***P < 0.001 compared with the saline (i.pl.) + jojoba wax control. receptor antagonist naloxone hydrochloride (8 mg/ kg, i.p.) significantly reversed the inhibitory effects of linalool on paclitaxel-induced allodynia and hyperalgesia ( Fig. 3A and 3B) . In further experiments, naloxone hydrochloride was injected directly into the same site on the hindpaw before intraplantar injection of linalool. Intraplantar pretreatment with naloxone hydrochloride (20 μg/paw) could also significantly antagonize the antiallodynic and antihyperalgesic effects of linalool ( Fig. 4A and 4B) .
Effects of naloxone methiodide on peripheral antiallodynia and antihyperalgesia induced by linalool
Naloxone methiodide is thought to act on the peripheral opioid receptors as an antagonist (14) . Pretreatment with naloxone methiodide (8 mg/kg, i.p.) resulted in a significant antagonistic effect on linaloolinduced antiallodynia and antihyperalgesia (Fig. 5A and 5B).
DISCUSSION
The effect of linalool was investigated in a mouse paclitaxel-induced acute pain (allodynia and hyperalgesia) model. Intraplantar injection of linalool reduced behavioral signs of paclitaxel-induced mechanical allodynia and hyperalgesia in a dose-dependent manner. Linalool injected into the contralateral paw induced neither antiallodynia nor antihyperalgesia, even at a dose which was sufficient to induce antiallodynia and antihyperalgesia when injected into the ipsilateral paw. This finding suggests that linalool-induced antiallodynia and antihyperalgesia may be mediated locally rather than systemically. The present study further demonstrated that antiallodynia and antihyperalgesia induced by intraplantar linalool was antagonized by pretreatment with locally (plantar surface of the paw) administered naloxone hydrochloride and by the peripherally acting opioid receptor antagonist naloxone methiodide (14) . These data suggest that intraplantar injection of linalool could produce peripheral antiallodynia and antihyperalgesia that is, at least in part, mediated through peripheral opioid mechanisms. Recently, Hidaka et al. (11) reported that single i.p. administration at a dose of 10 mg/kg paclitaxel produced mechanical allodynia and hyperalgesia in male ddY-strain mice. In agreement with our study, following single i.p. administration of paclitaxel at a dose of 5-20 mg/kg, mechanical allodynia and hyperalgesia peaked 1 day after administration and decreased gradually, almost subsiding by 7 days. Stimulation of the hindpaw with von Frey filaments of 0.07 g induced 2-3 withdrawals/10 trials (1 day). In contrast, in naïve mice, such stimuli did not induce any withdrawal response. Stimulation of the hindpaw of paclitaxel-treated animals with von Frey filaments of 1.4 g induced 4-7 withdrawals/10 trials (1 day). In contrast, in naïve mice, such stimuli induced only 1-2 withdrawals/10 trials. The aversive behaviors induced by paclitaxel might represent mechanical hyperalgesia. Likewise, in our model, using 5-20 mg/kg of paclitaxel, mechanical allodynia and hyperalgesia peaked 1 day after single i.p. administration, decreased gradually, and had almost subsided by 7 days, which is similar to the classical arthralgias or myalgias seen in humans after paclitaxel therapy (15) . Moreover, these time courses were Values represent the mean ± S.E.M. for 10 mice per group. Significant differences between the groups were assessed with two-way ANOVA followed by Bonferroni's test. *P < 0.05, ***P < 0.001 compared with the saline (i.p.) + jojoba wax control.
# P < 0.05, ## P < 0.01, ### P < 0.001 compared with the saline (i.p.) + Lina 10 μg group.
It is conceivable that intraplantar linalool might cause the local release of endogenous opioid peptides and these might be responsible for the peripherally mediated antinociceptive effect. Keratinocytes are known to synthesize and secrete β-endorphin (33, 34) . It is worth noting that proopiomelanocortin, the precursor of a variety of neuropeptides including β-endorphin (9, 13) , is constitutively expressed by keratinocytes that are abundant in the skin.
In conclusion, single i.p. administration of paclitaxel at a dose of 5-20 mg/kg induced mechanical allodynia and hyperalgesia which reached maximal intensity 1 day after the administration, decreased gradually, and largely subsided by 7 days. This may prove to be a useful model of paclitaxel-induced acute pain and peripheral neuropathic pain. Our study showed that linalool reduced paclitaxelinduced acute pain (allodynia and hyperalgesia) in mice. The antiallodynic and antihyperalgesic effects of linalool were antagonized by the direct injection of naloxone hydrochloride into the hindpaw and i.p. naloxone methiodide, an antagonist acting at the peripheral opioid receptors. The present results indicate that linalool may be a promising therapeutic approach to managing paclitaxel-induced acute pain. REFERENCES similar to those for pain reported after paclitaxel administration in cancer patients (6, 15, 19, 20, 27) . Nonsteroidal antiinflammatory drugs, acetaminophen (15), Shakuyaku-Kanzo-To (a Japanese herb) (11), corticosteroids (17) , antihistamines (18) , opioids (29) and amifostine (10) have all been tested in the treatment of paclitaxel-induced acute pain but the findings of these studies have not been definitive. Linalool has been shown to be effective as an antinociceptive compound in several nociceptive assays (2, 3, (22) (23) (24) . Linalool inhibited the biting response induced by intrathecal injection of IL-1β or TNF-α (2). Available evidence indicates that linalool could produce antinociception through interactions with opioid, muscarinic M2 or adenosine A1 receptors and nitric oxide (NO) synthesis (22, (24) (25) (26) . In addition to these pharmacological data, there are also findings supporting the modulation of glutamatergic neurotransmission through N-methyl-d-aspartate (NMDA) receptors by linalool, both in vitro and in vivo (1, 4, 7, 8, 31) . Recently, we reported that intraplantar linalool administration reduced the nociceptive response as assayed by the capsaicin test. It has also been shown that the antinociceptive effects of linalool are antagonized by either direct injection of naloxone hydrochloride into the hindpaw or i.p. administration of naloxone methiodide, an antagonist acting at the peripheral opioid receptors (28) . The present data suggest that intraplantar injection of linalool significantly reduces paclitaxel-induced mechanical allodynia and hyperalgesia. Local injection of linalool into the contralateral hindpaw did not yield antinociceptive effects on paclitaxelinduced mechanical allodynia and hyperalgesia, strongly supporting a local effect of linalool on cutaneous nociceptors. In order to assess the possible participation of either opioid receptors or opioid peptides in intraplantar linalool-induced antiallodynia and antihyperalgesia, the effect of opioid receptor antagonists on the antiallodynic and antihyperalgesic activities of linalool was tested. The antiallodynic and antihyperalgesic effects produced by linalool were reversed by either i.p. or intraplantar pretreatment with naloxone hydrochloride. These results suggest that linalool-induced antiallodynia and antihyperalgesia may be mediated through opioid receptors in the periphery. This deduction is supported by the observation that pretreatment with the peripherally acting opioid receptor antagonist naloxone methiodide (14) resulted in a significant antagonistic effect on both antiallodynia and antihyperalgesia induced by intraplantar linalool.
